AUTHOR SUMMARY
All living systems require membranes to organize biological processes by compartmentalization. Membranes regulate the composition of the intracellular medium by controlling the flow of molecules, such as nutrients, waste products, and ions, into and out of the cell by selective permeability. This process is mediated by membrane-embedded proteins, including many that catalyze the active transport of solutes across the membrane from a region of lower to higher concentration. The energy source for active transport often originates from a bulk-phase transmembrane electrochemical ion gradient (defined as Δμ H + or Δμ Na + ). By this means, a membrane transport protein uses the free energy released by the energetically downhill transport of H + or Na + to drive substrate transport against a concentration gradient. Here, we report the theoretical structure of an intermediate in the transport cycle catalyzed by a secondary active transporter, lactose permease (LacY). The conclusions of our work support a mechanistic model involving two structurally distinct occluded intermediates.
LacY expressed by Escherichia coli, a paradigm for the major facilitator superfamily (MFS) of membrane transport proteins, catalyzes translocation of one galactopyranoside across the cytoplasmic membrane with one H + in a symport or cotransport process (1) . Crystal structures of LacY reveal 12, mostly irregular, transmembrane α-helices surrounding a water-filled cavity with sugar-and H + -binding sites near the apex, which are accessible from the cytoplasm only and inaccessible from the tightly sealed periplasmic side (an inwardfacing conformer). An outward-facing model has also been proposed based on biochemical and spectroscopic measurements as well as on the X-ray crystal structure of a related symporter (2) . Converging lines of evidence demonstrate that LacY functions by an alternating access mechanism in which the galactoside-and H + -binding sites are exposed alternatively to either side of the membrane as a result of reciprocal opening and closing of periplasmic and cytoplasmic cavities (3) .
Seven independent experimental approaches provide a strong case for the alternating access mechanism in LacY (3). In the absence of sugar, LacY accommodates predominantly the inward-facing conformation, and sugar binding induces a global conformational change in the protein, closing the inwardfacing cavity and opening a comparable hydrophilic cavity on the outside. However, other experimental results suggest the existence of intermediates in the transport cycle of LacY (4) .
In the present study, we describe a structural model of ., B) . The scheme can be read in cycle following the arrowheads. The red line represents the transition between steps 1 and 4 for opening of the empty permease to the outward-facing conformation. The blue line corresponds to steps 5-8 for sugar transport from outside to inside. The vertical red arrow (ΔG n *) indicates the free energy of the rate-determining step in the absence of Δμ H + (opening of the periplasmic cavity). The hypothetical effect of an imposed Δμ H + is shown as a black, broken inverted vertical arrow, and the resulting energy profile is shown by the discontinuous red line. straints for comparative model building, and the secondary structural restrains were retained from the available crystallographic structures of LacY.
The model reveals that the sugar-binding site is inaccessible to sugar on both sides of the membrane and is consistent with experimental data, particularly distance measurements obtained by double electron-electron resonance (DEER). Experimental distances obtained by DEER measurements of interhelical distances between 22 nitroxide-labeled paired-Cys replacements in the presence or absence of galactoside were used to evaluate the model. The attribution of interspin distance (Fig. P1A) populations to distinct conformations of LacY revealed a conformational distribution bias toward an inward-facing conformation in the absence of bound sugar (Fig. P1B) . However, the inwardopen conformer represents a mixture of different conformational states. When a galactoside was bound, we observed a significant increase in conformers populating interspin distances corresponding to the occluded state. Moreover, due to the asymmetrical occurrence of interspin distances attributed to discrete conformers, we postulate an extended transport model for LacY. Further, kinetic considerations and DEER measurements suggest that another occluded conformer with bound sugar exists during turnover.
A semiquantitative survey of fractional distribution among individual distance populations, attributed to distinct conformations of LacY (Fig. P1B) , allows a rough estimation of the relative energy states at equilibrium (Fig. P1C) . The transitions between steps 1 and 4 represent the opening of the empty permease to the outward-facing conformation, and steps 5-8 correspond to sugar transport from outside to inside (and to the exchange reaction when steps 5-8 operate in a reversible manner). In the postulated energy profile, the energy levels of the inward-open and outward-open conformations are similar but are separated by the high-energy intermediates (Fig. P1C, apo  and occluded) . Substrate stabilizes the symmetrical occluded intermediate, lowering the activation energy barrier between the outward-and inward-facing conformations (steps 6 and 7). On sugar binding, LacY exists largely in the occluded-intermediate state, and due to its high-energy level, the frequency of relaxation to outward-open conformations is higher than that for the inward-open conformations. Consequently, the rate of opening to the periplasmic side is significantly increased. Such energetic disposition, where high-energy barriers separate the inward-and outward-facing conformers, indicates that the transport reaction is kinetically, rather than thermodynamically, controlled.
Although MFS transporters have been extensively studied using biochemical and biophysical methods, further understanding of the transport cycle is limited by the current lack of additional structural information pertaining to the multiple conformational states of the proteins in this large and important transporter family. The structure model of the apo-intermediate presented and its consistence with the DEER distance populations provide unique insights into the conformational dynamics of the alternating access mechanism of LacY.
